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Abstract
Effector/memory T cells (Tem) are required to maintain successful immunity, while regulatory T
cells (Treg) are required to prevent excessive/uncontrolled inflammation and/or autoimmunity.
Although both Tem and Treg cells are increased during aging, the relationship between the increased
proportion of Foxp3+ Treg cells and CD44+ Tem cells with aging is not clearly understood. Therefore,
we investigated the role of Foxp3+ Treg cells and CD44+ Tem cells with aging. We found that
Foxp3+ Treg cells are increased in parallel with CD44+ Tem cells in SJL/J mice with aging, and that
all Foxp3+ Treg cells are of CD44+ Tem phenotype, suggesting that the increased Foxp3+ Treg cells
originated from the expanded pool of CD44+ Tem cells with aging. Our in vitro kinetic studies further
suggested that Foxp3+ Treg cells are converted through the CD44+ stage. Furthermore, we observed
that although the balance between Foxp3+ Treg and CD44+Foxp3- Tem cells remained with aging,
the aged mice have higher ratios of both Tem and Treg cells versus naïve T cells resulting in the
“shrunken” naïve T cell pools. Our results suggest that an age-associated imbalance of T cell
repertoire is a mechanism that contributes to spontaneous occurrence of Hodgkin’s-like lymphoma
in aged SJL/J mice.
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Introduction
Aging is an inherent and irreversible complex event which gradually leads to changes in the
body structure, decreased functional capacity and increased probability of death [1]. Aged
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people are prone to infections characterized by more severe symptoms, prolonged duration,
and poor prognosis. Increased susceptibility to infections reflects the profound age-related
changes in the immune system that are collectively termed as immune senescence [1]. Immune
senescence may be the major predisposing factor contributing to increases in infections, and
occurrence of cancer in aged people [2-3]. Several mechanisms contribute to the aging-related
decline of immune responses, such as progressive reduction in naïve T cell output from thymus,
and peripheral expansion of effector/memory T cells during the aging process [1,4].

Effector/memory T cells (Tem) express different pattern of cell surface markers, and
functionally they respond in several different ways from naive cells. In humans, naive T cells
are CD45RA positive and CD45RO negative, while Tem cells are CD45RA negative and
CD45RO positive. However, in mice, these surface markers are less reliable than that in human;
instead the levels of CD44 and CD62L on the surface are preferred to be used to distinguish
between naïve and effector/memory T cells, e.g., naive T cells are CD44-CD62L+, but Tem
cells are CD44+CD62L- [5]. It has been noted that both activation of lymphocytes and transition
to memory/effector phenotypes are associated with increased surface levels of CD44 [6,7].

CD4+ T cells play an essential role in mediating both humoral and cellular immune responses.
They act as helpers in assisting B cells to differentiate into antibody secreting plasma cells
[8], helping CD8 T cells to develop into cytotoxic cells [9] and facilitating the activation of
macrophages [10]. Accumulating evidences suggest an increase in the proportion of CD44+

Tem cells but a decrease in the proportion of CD44- naïve CD4+ T cells with aging [11-14].

More recently, attentions have been focused on the possibility that altered immunity with age
may be partially attributed to the alterations of Foxp3+ regulatory T (Treg) cells which are now
known to represent an essential component of the adaptive immune system [15]. A growing
number of studies suggest that there is an increased frequency of Foxp3+ Treg cells in both
mice and humans with aging [16-19].

CD44+ Tem cells are required to maintain the productive immunity, while Foxp3+ Treg cells
are needed to keep the immune system from excessive inflammation and/or autoimmunity
[20]. Thus, both of these cell types are extremely important for the maintenance of an
immunological homeostasis in the host. It appears that both CD44+ Tem cells and Foxp3+ Treg
cells are increased with senescence. However, the relationship between the increased
proportion of Foxp3+ Treg cells and CD44+ Tem cells with aging is unclear. We explored this
issue by investigating the immune senescence of SJL/J mice which are prone to Hodgkin’s-
like lymphoma with aging [21]. We found that Foxp3+ Treg cells were increased in parallel
with CD44+ Tem cells during aging. Particularly interesting, we observed that almost all
Foxp3+ Treg cells are of Tem phenotype, suggesting that these increased Foxp3+ Treg cells
are from the expanded pool of CD44+ Tem cells with aging. Our in vitro kinetic analysis
supports this idea by showing that before conversion to Foxp3+ Treg cells, naïve T cells need
to acquire a Tem-like phenotype (CD44+). Furthermore, we found that although the balance
between Foxp3+ Treg cells and Foxp3-CD44+ Tem cells was not affected with aging, the
increased ratios of both CD44+ Tem and Foxp3+ Treg relative to naïve T cells were observed
in aged mice. Resultant “shrinkage” in naïve T cell pool correlates well with the increased
occurrence of Hodgkin’s-like lymphoma in aged SJL/J mice. Taken together, these findings
will contribute to a better understanding of the changes in the immune system during the aging
process.
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Materials and Methods
Mice

Healthy young (1-2 months old) and old (9-10 months old) gender-matched SJL/J mice
(Jackson Laboratory) were used for the experiments. Old mice with gross pathology or
lymphoma after dissection were excluded from immunophenotype assay. All animal studies
were approved by the Louisiana State University Animal Care and Use Committee.

Reagents
Fluorescein isothiocyanate (FITC) labeled anti-mouse CD44, phycoerythrin-Cy5 (PE-Cy5)
labeled anti-mouse CD4, allophycocyanin (APC) labeled anti-mouse CD62L, APC labeled
anti-mouse CD25, FITC labeled anti-mouse IL-2, functional-grade anti-mouse CD3e
(145-2C11) and CD28 (37.51), appropriate isotype control antibodies and mouse Foxp3
staining kit were purchased from eBioscience. Phorbol 12-myristate 13-actate (PMA),
Ionomycin (ION) and Brefeldin A (BFA) were obtained from Sigma. Cell isolation kit for
mouse naïve CD4 T cells (CD44-) was purchased from StemCell Technologies.

Flow cytometry assay
Cells were dispersed from the lymph nodes, spleen tissues or thymus by extrusion through a
70 μm Nylon Cell Strainer (BD Falcon). Following three washes in PBS, the resulting single
cell suspension of lymphocytes was subjected to immunostaining with indicated FITC-, PE-,
Cychrome-, or APC-conjugated antibodies for surface (CD44, CD4, and CD62L) or/and
intracellular (Foxp3) staining. All samples were analyzed by FACSCalibur (Becton
Dickinson).

Naive CD4+ CD44- T cell isolation and cell culture
Cells were obtained from young mice (1-2 months old), as their lymphocytes contain higher
percentage of naïve CD4+CD44- T cells. CD4+CD44- naïve T cells were separated from pooled
lymph nodes and spleens by the magnetic nanoparticle based isolation kit for mouse naive
CD4+ T cells from StemCell Technologies. A purity of 95% of the naïve T cells
(CD4+CD44-) was determined by FACS. For in vitro culture, CD4+CD44- naïve T cells
(2×106/well) were cultured in 24-well flat-bottom tissue culture plates (Corning Costar) with
10 μg/ml-bound of anti-CD3e and 2 μg/ml of soluble anti-CD28 in culture medium at 37 °C
in a humidified atmosphere of 5% CO2 in air for 24, 48, 72 and 96 hours. RPMI1640 was used
as the culture medium supplemented with 1 mM sodium pyruvate, 1.2% sodium bicarbonate
(BioWhittaker), 2 mM glutamine (Sigma), 25 μg/ml gentamicin (Sigma), and 10% heat-
inactivated new cattle serum.

Intracellular detection of Foxp3 or IL-2
At the indicated time point, cells were harvested, washed with PBS and stained with FITC-
CD44, PE-Cy5-CD4, and APC-CD62L or APC-CD25 for surface staining. Intracellular
staining analysis was performed by the manufacturer’s instruction of anti-mouse Foxp3
staining kit. For intracellular IL-2 detection, purified naïve CD4+CD44- T cells were first
stimulated with anti-CD3e and anti-CD28 for 72h, then re-stimulated with PMA (100 ng/ml)
plus ionomycin (1μg/ml) for 4 h in the presence of Brefeldin A (BFA, 10 μg/ml). The cells
were harvested, washed with PBS, and then stained on the surface with anti-CD4-PE-Cy5.
After being fixed and permeabilized with Cytofix/Cytoperm buffer, the cells were further
stained with anti-IL-2-FITC and anti-Foxp3-PE.
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Statistical analysis
Results are expressed as mean ± standard deviation (SD). The level of significance was set at
P < 0.05. Correlation analyses were quantified by the Pearson correlation test. All experiments
were repeated more than three times.

Results
Increased frequency of peripheral Foxp3+ Treg cells with aging

Accumulating evidence indicates increased pool of Foxp3+ Treg cells in aged BALB/c and
C57BL/6 mice [17-19]. To determine whether the alteration of Foxp3+ Treg cells occurs in
aged SJL/J mice which have a higher incidence of Hodgkin’s-like lymphoma, we evaluated
the presence of Foxp3+CD4+ T cells in the spleen, lymph nodes and thymus from young (1-2
months) and healthy old (9-10 months) SJL/J mice. As shown in Fig. 1A and 1C, aged mice
possessed a significantly increased proportion of Foxp3+ T cells among the total lymphocyte
population in their spleen (old: 8.7 ± 0.2 %/young: 4.9 ± 0.5 %, P<0.05) and lymph nodes (old:
7.1 ± 1.1 %/young: 4.1 ± 0.7 %, P<0.05). This increase is more appreciable when analyzed in
gated CD4+ T cells (Fig. 1B and 1D): the percentage of Foxp3+ cells among the total CD4+ T
cells was more evidently increased in aged spleen (old: 23.3 ± 1.9 %,/young: 17.1 ± 0.7 %,
P<0.05) and lymph nodes (old: 14.7 ± 2.3 %/young: 6.4 ± 1.4 %, P<0.01). In both young and
aged mice, relative to lymph nodes, the spleen contains a higher percentage of Foxp3+ T cells.
However, the presence of an age-related rise in the frequency of Foxp3+CD4+ T cells was
consistent between spleen and lymph nodes. Although there was a significant increase in the
percentage of Foxp3+CD4+ T cells both in spleen and lymph nodes, we did not find any
simultaneous increase in aged thymus. In addition, we did not observe significant difference
in the percentage of total CD4+ T cells in both spleen and lymph nodes of aged and young
animals (Fig. 1E). These results suggest that there is a significantly increased proportion of
Foxp3+CD4+ T cells in peripheral lymphoid tissues of SJL/J mice with aging.

Foxp3 expression does not always correlate with regulatory activity, as it is also induced on
newly activated CD4+ effector population [22], thus, the examination of its inhibitory function
is important to determine whether the Foxp3+ cells detected in our study are the “true” Treg
cells. It is impossible to assess this inhibitory function directly due to the limitation of obtaining
Foxp3+ T cells. However, we circumvented this obstacle by analyzing the intracellular cytokine
production in Foxp3+ T cells. This assay is based on the findings that although they both express
Foxp3, the newly activated T cells but not the “true” Treg cells are able to produce IL-2 [23,
24]. Therefore, we examined the intracellular cytokine IL-2 production after PMA and
ionomycin stimulation, as shown in Fig. 1F, our results showed that in contrast to Foxp3- cells,
Foxp3+ cells from both young and old mice were actually unable to produce IL-2 which is in
agreement with the widely accepted view that Foxp3+ Treg cells do not produce IL-2
[25-28]. These results further provided the evidence that these Foxp3+ T cells we detected in
both young and aged mice were of the true Treg cells. Taken together, these data indicate that
the proportion of Foxp3+ Treg cells in the peripheral lymphoid tissue is enhanced markedly
along with aging in SJL/J mice.

Increased proportion of peripheral CD44+ effector/memory T cells (Tem) with aging
Expression of CD44 molecules on the surface has been used as a marker to identify effector/
memory T cells [6,7]. Since some earlier studies have shown that Tem increases with age
[1-5], we analyzed the frequency of Tem both in young and aged SJL/J mice. As shown in Fig.
2A and 2B, aged SJL/J mice show a significantly larger population of CD44+ Tem cells both
in their spleens (old: 66.3 ± 5.9 %/ young: 42.7 ± 7.1 %, P<0.05) and in their lymph nodes
(old: 34 ± 5.4 %/ young:14.7 ± 3.4 %, P<0.01). Our results, therefore, demonstrated that
CD44+ Tem cells are significantly increased in SJL/J mice with aging.
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Foxp3+CD4+ Treg cells and CD44+ Tem cells are parallel increased with aging
Since both Foxp3+ Treg cells and CD44+ Tem cells are increased along with aging in peripheral
lymphoid organs, we next examined the correlation-ship between Foxp3+ Treg cells and
CD44+ Tem cells by the statistical correlation efficiency analysis. We found that the increased
percentage of Foxp3+ Treg cells has a strong positive correlation with the increased percentage
of CD44+ Tem cells in spleen (Fig 3A, R2=0.81, P<0.01) as well as in lymph nodes (Fig 3B,
R2=0.85, P<0.01), indicating that Foxp3+ Treg cells are increased in parallel with CD44+ Tem
cells during aging in SJL/J mice.

Foxp3+ Treg cells are of CD44+ Tem phenotype
We next explored the relationship of between Foxp3+ Treg cells and CD44+ Tem cells by
analyzing the surface expression of CD44 on the Foxp3+ Treg cells. Interestingly, as shown
in Fig 4A, almost all Foxp3+ Treg cells from thymus, spleen or lymph nodes were shown to
express high levels of CD44 on their surface. Furthermore, according to the expression level
of CD62L, these CD44+Foxp3+ Treg cells can be sub-divided into CD62L+ and CD62L- type
of Treg cells (Fig. 4B). These results indicate that Foxp3+ Treg cells in nature are of CD44+

Tem cells in both aged and young mice.

Naïve CD4+CD44- T cells acquire effector/memory-like phenotype (CD44+) before converting
to Foxp3+ Treg cells

Since almost all Foxp3+ Treg cells are of CD44+ T cells, there are two possible models for
naïve CD4+CD44- T cells to be converted to CD44+Foxp3+ Treg cells. One possibility is that
naïve CD4+CD44- T cells could express Foxp3 first, then acquire CD44 on their surface; or
the other possibility is that naïve CD4+CD44- T cells would have to express CD44+ first, which
are then converted Foxp3+ cells. To evaluate these two possibilities, the naïve CD4+CD44- T
cells were isolated from pooled spleens and lymph nodes of young SJL/J mice, and were
stimulated with anti-CD3 and anti-CD28 for various periods of time. We then analyzed
kinetically the surface expression of CD44 and intracellular expression of Foxp3 by FACS.
As shown in Fig. 5A, while no Foxp3+ cells were present at the time of initial culture, they
started to appear as early as 24h following in vitro T cell activation, and gradually increase
their percentage along with the time of stimulation. Interestingly, even at the early time points
(24-48h), almost ∼90% of the in vitro generated Foxp3+ T cells started to express CD44 (Fig
5A), whereas only ∼18-36% of them express CD25 (Fig. 5B), suggesting that the appearance
of Foxp3+ cells is more mainly dependent on CD44 expression rather than CD25 expression.
This was further supported by the statistical correlation assay that showed the proportion of
Foxp3+ T cells had a strong positive correlation with that of CD44+ T cells in vitro(R2=0.92)
(Fig. 5C). The kinetic analysis of CD44 and CD25 expression in relation to the expression of
Foxp3 revealed that the naïve CD4+CD44- T cells were first turned into CD44+ which then
became CD44+Foxp3+ Treg cells. In addition, as shown by intracellular cytokine staining in
Fig. 5D, in contrast to the Foxp3- population, Foxp3+ cells generated from our culture condition
produce very few IL-2 after restimulation, an indication of Treg nature of these cells. Taken
together, these data indicate that before conversion to the Foxp3+ Treg cells, naïve CD44- T
cells first need to acquire a CD44+ phenotype in vitro.

Imbalanced homeostasis of naïve versus CD44+Foxp3- Tem cells, and naïve versus
CD44+Foxp3+ Treg cells

Maintenance of CD4+ T cell homeostasis is critical for normal functioning of the immune
system. CD4+ T cell homeostasis is ultimately achieved through maintaining the balance of
distinct T cell populations (naive, Tem and Treg cells), although the mechanisms that maintain
homeostasis in each population are not fully understood. To gain a clinically relevant insight
into the homeostasis of aged mice, we analyzed the ratios of Tem and Treg cells versus naïve
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T cells, respectively. Almost all Foxp3+ Treg cells in our study are of CD44+ phenotype, and
to make the description easier, we defined here the Tem cells as CD44+Foxp3-, the Treg cells
as CD44+Foxp3+ and the naïve T cell as CD44-. As shown in Fig. 6A and 6B, we found that
there was a significantly increased ratio of Tem cells relative to naïve T cells in both aged
spleen (old:1.21 ± 0.1/young: 0.46 ± 0.06, P<0.01) and lymph nodes (old: 0.29 ± 0.05/young:
0.097 ± 0.01, P<0.05). We also observed significant increase in the ratio of Foxp3+ Treg cells
relative to naïve T cells in the aged spleen (old: 0.75 ± 0.08/young: 0.28 ± 0.04, P<0.01) and
lymph nodes (old: 0.22 ± 0.03/young: 0.075 ± 0.01, P<0.05). While the ratio of Foxp3+ Treg
cells relative to CD44+Foxp3- Tem cells maintained stable along with aging (old: 0.54 ± 0.14/
young: 0.6 ± 0.12 in spleen; old: 0.71 ± 0.09/ young: 0.77 ± 0.04 in lymph nodes). These data
strongly suggest an aging-related imbalance between Foxp3+ Treg cells, CD44+Foxp3- Tem
cells and naïve T cells in SJL/J mice.

High incidence of spontaneous Hodgkin’s-like lymphoma with aging in SJL/J mice
Both Treg and Tem cells are of antigen-experienced cells, the increased Treg and Tem cells
with aging consequently results in a shrunken pool of naïve T cells which are the most important
cells available against those emerging antigens derived from new infections or spontaneous
tumors. It has been known for years that compared with other inbred strains, SJL/J mice tend
to have higher incidence of Hodgkin’s-like lymphomas [21]. An interesting question is whether
the age-related immune imbalance plays a role in the pathology of the aged SJL/J mice. We
examined this issue by comparing the occurrence of spontaneous lymphoma in young (1-2-
month old) and aged (12-month old) SJL/J mice. All of the mice used in this survey were
autopsied for the presence of neoplasms in the immune organs after euthanization. As shown
in Fig.7A, no tumorous lymph nodes or other organs were found in the 20 young mice we
examined, but 53% of aged mice (8 out 15) were shown to have large-sized tumors at the
mesenteric lymph nodes (Fig. 7B). Histopathological examination of these tumors revealed
that tumor cells have totally effaced the normal architecture of lymph node, under low
magnification no intact lymphoid follicles could be found (Fig. 7C). Under higher
magnification (Fig. 7D), the tumor cell was shown to have a large nucleus with one or two
prominent nucleoli and abundant cytoplasm resembling the mononuclear variant of Hodgkin’s
cells. These tumor cells are admixed with numerous lymphocytes similar to the mixed type of
Hodgkin’s lymphoma. Hence, the immune imbalance with aging correlates with the higher
incidence of Hodgkin’s-like lymphoma in SJL/J mice.

Discussion
In this study, we have investigated the relationship between Foxp3+ Treg cells and CD44+ Tem
cells in SJL/J mice with aging. Our study shows a parallel increase of Foxp3+ Treg cells and
CD44+ Tem cells in SJL/J mice with aging. Of particular interest, we found that almost all
Foxp3+ Treg cells are of effector/memory phenotype (expressing CD44). Therefore, the
Foxp3+ Treg cells are included within the group of traditionally regarded effector/memory
CD44+ T cells. Furthermore, although the balance between Treg and Tem cells is maintained
with aging, the aged mice lose the balance between Tem and naïve T cells, and also between
Treg and naïve T cells.

The increased percentage of Foxp3+ Treg cells in peripheral lymphoid organs in aged SJL/J
mice is in agreement with the findings reported in aged BALB/c mice [18,19] and C57BL/6
mice [17,29], suggesting that an age-related increase of Treg cells is a common phenomenon
among different strains. It has been proposed that the percentages of effector/memory T cells
increase with age, which is supported by the markedly increased expression of CD44 on T cells
in aged mice [1-5]. In agreement with these reports [1-5], we showed a significantly increased
percentage of CD44+ T cells in peripheral lymphoid organs in aged SJL/J mice. Of particular
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interest, we found that CD44+ T cells in SJL/J mice are heterogenous populations which include
both traditional effector/memory T cells (CD44+Foxp3-) and Treg cells (CD44+Foxp3+).

Although some recent reports have shown that Foxp3+ Treg cells in aged hosts are of CD44+

effector/memory T cell phenotype [19,29,30], our results showed that even in young mice (4-8
weeks), Foxp3+ Treg cells are of CD44+ phenotype suggesting that the increased Foxp3+ Treg
cells with aging are originated from CD44+ T cells. Our in vitro kinetics analysis further
demonstrated that before converting to Foxp3+ Treg cells, naïve T cells need to acquire an
effector/memory-like phenotype (CD44+), and thereafter convert to Foxp3+ Treg cells. Based
on our observations, we propose that after activation by antigens, CD44 up-regulation is the
initial step for the induction of Foxp3+ Treg cells; then some CD44+ T cells develop into
CD44+Foxp3- effector/memory T cells, while the others differentiate into CD44+Foxp3+ Treg
cells.

It is unlikely that the increased Foxp3+ Treg cells in aged mice are derived from thymus. One
of the reasons for this is that aging-related thymic involution would dramatically reduce rather
than increase the total output of all new T cells, which has long been considered the most
reasonable cause of the age-related decline in T cell function [31-34]. In addition, our data
showed that in the aged thymus the percentage of Foxp3+ Treg cells did not increase at all,
indicating that it is impossible for the aged thymus to contribute to the peripheral increase of
Foxp3+ Treg cells with aging. Therefore, the increased occurrence of peripheral Foxp3+ Treg
cells through an increased pool of CD44+ T cells is a more reasonable explanation for the
increased proportion of Foxp3+ Treg cells with aging [20,35, and 36]. That means during aging
the expansion of CD44+ effector/memory pools is the prerequisite for Foxp3+ Treg cells to
expand.

According to their distinct functions, CD4+ T cells can be divided into three functional groups:
1) naïve CD4+ T cells, which are the reserves needed for protecting against new or emerging
antigens derived from either pathogens or spontaneous tumors; 2) effector/memory CD4+ T
cells, which are required to maintain the immunity for the previous pathogen exposure; and 3)
regulatory CD4+ T cells, which have the ability to keep the immune system in check to avoid
excessive inflammation and/or autoimmunity. A balanced homeostasis of these three
populations is important for an individual to maximally achieve the benefit provided by the
immune system. In aged SJL/J mice, we showed that although the balance remained the same
between Foxp3+ Treg cells and effector/memory cells, an imbalance between naïve T cells and
effector/memory T cells or Foxp3+ Treg cells was detected. These imbalances of homeostasis
results in a shrunk or reduced pool of naïve CD4+ T cells by the involvement of compromised
thymic replenishment and reduction of a naïve CD4+ T cells repertoire due to chronic activation
[37,38]. Age-related immune imbalance may contribute to increased susceptibility to emerging
infections and neoplasms in animals and human. In support of our view, the aged C57BL/6
mice have been shown to be more susceptible to Leishmania major infection [29]. In our present
study, we found that the immune imbalance in SJL/J mice with aging is associated with the
higher incidence of Hodgkin’s-like lymphoma. Although a direct link between the age-related
immune imbalance and the higher risk of tumors or infections in aged mice has so far been
inconclusive, our data highlight that aging-associated imbalance of CD4+ T cells plays an
important role in tumor pathogenesis in aged animals.
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Figure 1. Increased Foxp3+CD4+T cells in the peripheral lymphoid organs with aging
Distribution of Foxp3+ cells from representative FACS analysis is shown in the total
lymphocytes (A) or in the gated CD4+ cells (B) from the spleen (SP), lymph nodes (LN) and
thymus (TH). The numbers shown in the graph are the percentages of Foxp3+ cells among total
lymphocytes (A) or gated CD4+ cells (B), respectively. Statistical analysis of the distribution
of Foxp3+ cells in the total lymphocytes (C) and the gated CD4+ cells (D) of young (n=6) and
old (n=6) SJL/J mice. No statistical difference was found in the percentage of CD4+ T cells
between young and old mice (E). Intracellular detection of IL-2 production in Foxp3+ cells
from both young and old mice (F). Results are representative of six experiments in young or
aged mice. *, P<0.05; **, P<0.01; compared with the corresponding groups.
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Figure 2. Increased CD44+CD4+ Tem cells in the peripheral lymphoid organs with aging
Representative FACS samples of CD4 vs. CD44 expression are shown in the gated CD4+ cells
from spleen (SP) and lymph nodes (LN) of young (n=6) and old (n=6) SJL/J mice (A). The
numbers shown in the graph are the percentages of CD44+ cells among the CD4+ T cells.
Statistical analysis of the percentage change of CD44+ T cells among the gated CD4+ T cells
with aging (B). Results represent six experiments in young or aged mice, respectively. *,
P<0.05 compared with the corresponding groups.

Han et al. Page 12

Cell Immunol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Positive correlation of Foxp3+ Treg cells with CD44+ Tem cells in peripheral lymphoid
organs with aging
Significant correlation was found in the percentage of Foxp3+CD4+ Treg cells and
CD44+CD4+ Tem cells from young (n=6) and old (n=6) SJL/J mice. The proportion of
Foxp3+CD4+ Treg cells is in strong positive association with that of CD44+CD4+ Tem cells
in both spleen (A, R2=0.81, P<0.01) and in lymph nodes (B, R2=0.85, P<0.01). Each square
on the graph represents an individual animal.
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Figure 4. Foxp3+CD4+ Treg cells are of CD44+ Tem phenotype in both old and young SJL mice
Representative FACS samples of CD44 vs. Foxp3 expression are shown in the gated CD4+ T
cells from spleen (SP), lymph nodes (LN) and thymus (TH) of young (n=6) and old (n=6) SJL/
J mice (A). Percentages of CD44+Foxp3+, CD44+Foxp3-, CD44-Foxp3+, CD44-Foxp3+ cells
are indicated. Representative FACS samples of CD62L vs. Foxp3 expression are shown in the
gated CD4+CD44+Foxp3+ Treg cells (B). Percentage of CD44+Foxp3+CD62L+ cells is
indicated. Results represent six independent experiments.
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Figure 5. In vitro conversion of Foxp3+ Treg cells from naïve CD4+ T cells needs to acquire a Tem-
like phenotype (CD44+)
Naïve CD4+ T cells (CD44-) isolated from the pooled spleen and lymph nodes of young SJL/
J mice were stimulated with coated anti-CD3 (10ug/ml) and anti-CD28 (1ug/ml) in a natural
differentiation condition (no any additional cytokines supplemented). Representative FACS
samples of CD44 (in A) or CD25 (in B) vs. Foxp3 expression are shown for the indicated time
after stimulation. Percentages of CD44+Foxp3+, CD44+Foxp3-, CD44-Foxp3+ and
CD44-Foxp3+ cells are indicated. As summarized in (C), the appearance (%) of Foxp3+ Treg
cells with time is in strong association with that of CD44+ cells in vitro (R2=0.92). Intracellular
detection of IL-2 production in Foxp3+ cells generated in vitro (D). After 72h stimulation, the
cells were re-stimulated with PMA plus ionomycin in the presence of BFA for intracellular
detection of IL-2 in Foxp3+ cells. Percentages of IL-2+Foxp3+, IL-2+Foxp3-, IL-2-Foxp3+ and
IL-2-Foxp3+ cells are indicated. Results represent three independent experiments.
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Figure 6. Imbalanced homeostasis of naïve versus CD44+Foxp3- Tem and CD44+Foxp3+ Treg cells
with aging
In spleen (A) and lymph nodes (B), the ratios of both CD44+Foxp3- Tem cells and Foxp3+

Treg cells vs. CD44- naïve cells are shown the significant increases in old (n=6) as compared
with young (n=6) mice. But the ratio of Foxp3+ Treg cells vs. CD44+Foxp3- Tem cells remains
stable with age. Data were obtained from the gated CD4+ cells. Results represent six
experiments. *, P<0.05; **, P<0.01; compared with corresponding groups.
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Figure 7. Higher incidence of spontaneous Hodgkin’s-like lymphoma in aged SJL/J mice
The incidence of spontaneous lymphoma at the mesenteric lymph nodes in young (1-2 month
old, n=20) and aged (12-month old, n=15) SJL/J mice (A). Gross appearance of a mesenteric
lymphoma from an examplary aged mouse compared with a normal mesenteric lymph node
from a young mouse (B). Histopathological examination of the mesenteric lymphoma at low
(C) and high (D) magnification, HE staining. The arrows in (D) indicate the tumor cells that
resemble the mononuclear variants of Hodgkin’s cells.
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